Abstract--Following the deregulation of electric power utilities around the globe, it has been widely acknowledged that quantifying power system transfer capability is of increasingly importance in today's large-scale and interconnected power system operation and planning procedures. This paper introduces a novel framework to evaluate transfer capability incorporating electricity market dispatching considerations, which we termed it as economic constrained transfer capability (ETC) problem. A mathematical model of a multi-objective optimization (MOOP) approach is presented to solve this ETC problem. The proposed methodology has been tested on a classical 3-machine 9-bus system and the IEEE 30-bus system. Preliminary simulation results from several case studies are presented with relevant analyses and discussions.
I. INTRODUCTION
VALUATING power system transfer capability in today's restructured electricity market is not only constrained by system operating limits and power system security limits, but also very much dependable on the electricity prices of interconnected regional markets or networks. The purpose of this paper is to present a novel framework to introduce electricity market dispatching objective into transfer capability computation; and to investigate its impacts on transfer capability values.
Economic efficiency reasons have invoked the restructuring of electric power utilities in many countries, which has seen the introduction of competition into the generation, transmission and distribution levels of power system operation. This major reform has indirectly resulted in an emerging trend of greater network interconnections primarily for both economic and reliability reasons; thus quantifying transfer capability has become a key issue in power system operation and planning [1] .
In the present scenario, transfer capability information dominates critical decision-making in many aspects of operation and planning procedures. System operators will need to be well-aware of the network capability to transfer Sheng How Goh*, Zhao Xu, Zhao Yang Dong, and Tapan Kumar Saha are with the School of Information Technology & Electrical Engineering, The University of Queensland, St. Lucia QLD 4072, Australia (e-mail: sgoh@ieee.org).
power before making any online generation dispatching decisions; whereas system planners rely largely on transfer capability information to assess the costs/benefits involved when planning for new interconnections etc.
As defined by the North American Electric Reliability Council (NERC) in 1996, Available Transfer Capability (ATC) is a measure of the transfer capability remaining in the network for further commercial activity over and above already committed uses; and determining of Total Transfer Capability (TTC) is the key component in the context of ATC computation [2] .
Research on TTC determination has been very active in recent years and numerous methodologies have been developed and applied to solve for TTC.
The most commonly-used methods are the repeated power flow (RPF) method [3] , [4] ; continuation power flow (CPF) method [5] - [8] ; optimal power flow (OPF) method [1] , [9] ; and DC load flow utilizing linear sensitivity factors [10] .
Both the RPF and CPF methods require series of load flow repetitions, which sometimes can be too time-consuming and impractical for large-scale systems [3] - [8] . Linear analyses presented in [10] proved to be a fast and efficient method to provide reasonable approximations of TTC, however it neglects the voltage-reactive power phenomena which can produce wrong or erroneous results [11] , [12] . OPF has been successfully used to solve for the economic dispatch problem; regardless whether it is system losses or operating costs minimization; or social welfare and benefits maximization. Other OPF applications include solving for maximum transfer capability or even maximizing distances away from voltage stability boundaries etc [1] , [9] , [13] . In this paper, we utilize an OPF algorithm which is capable of determining TTC in one optimization approach.
At present, many TTC techniques mainly emphasizes on maximizing power transfers alone between interconnected areas, hence overlooking market operation considerations. It is of foremost importance that the dispatching of market should be incorporated into transfer capability assessments in the present decentralized market. In this paper, an initial framework is proposed to quantify TTC with practical consideration of market dispatching conditions. Our proposed methodology can be used to investigate relationships between power transfer levels and the market dispatching solutions in system marginal price (SMP) auction pool markets.
The paper is organized as follows: Section II discusses the 
II. ECONOMIC CONSIDERATIONS
Market restructuring has posed a new challenge in the context of TTC computation as transfer capability is no longer bounded solely by system operating limits and security limits. In Australia, electricity pricing in interconnected regional pool markets are based on the popular SMP auction market model, and at times prices differ vastly due to the variation of electricity demand in different regions.
This demand dissimilarity is usually caused by diverse population, climates and lifestyles etc.
Inconsistency of electricity prices in different regional markets is one of the main reasons that motivated the construction of new interconnectors between these regional networks, which further encourages inter-area electricity trading thus promoting more competition. This theoretically improves operation efficiency and system reliability; and hence maximizes social benefits for end-use consumers; however it does complicates the usual system planning and operation procedures.
In the present scenario, there are two main types of electricity markets: namely bilateral trade type market and PoolCo type markets (also known as pool markets). The bilateral trade type market is dominated by independent contracts between generators and consumers; while the PoolCo market is a transparent structure that allows instantaneous matching of electricity supply and demand, whereby generators and consumers compete to bid for electricity supply and demand under a set of rules and regulations [14] .
In this paper, we only considered the popular SMP auction pool market, which uses a dispatching objective aimed to maximize the overall social benefits from trading. Usually the SMP auction is adopted since it encourages generators to bid at their marginal costs [15] . Assuming marginal prices are offered by all participants, the SMP-based dispatching should generate equivalent results as a traditional cost-oriented Economic Load Dispatching (ELD) does, i.e. the least-cost dispatching should be achieved from the pool market settlement.
It is the responsibility of the Independent System Operators (ISOs) to ensure economic generation, system security and reliability prior to dispatching in the present decentralized market [14] .
As mentioned previously, interconnections are aimed to improve economic operation and reliability; hence it is essential for ISOs to assess available transfer capability and regional electricity pricing in order to meet their goals. Following this, transfer capability and the ever fluctuating regional electricity prices become the most dominant factors contributing to the market settlement prices, operation efficiency and reliability. Import and export of electric power between regional markets drastically affect the usual market dispatch solutions, and thus leading to the variation of overall generation costs.
It must be clear that interconnected systems might not always operate at a least-cost market clearing solution due to certain security and reliability issues; as traditionally, security considerations override economic considerations [14] . Hence, it will be of great interests and practical benefits for ISOs to analyze the trade-off between inter-area power transfer levels and market dispatching considerations before online dispatching.
In interconnection planning studies, transfer capability should always lie in an interval within an upper and lower boundary due to the uncertainty of the generation-load profile [16] . This upper boundary is defined by TTC which is usually an overly-optimistic power transfer level; whereas determination of the lower boundary has been shown in [16] or by other trial-and-error methods. Our proposed approach here allows clearer visualization of feasible power transfer levels in this solution space restricted by the upper and lower boundary, which can be useful for planning transmission capacity for new interconnections. It is obvious that planning a new interconnection with a capacity of TTC would be infeasible, and might result in huge investment losses in the current decentralized market.
III. PROBLEM FORMULATION
To meet the challenges of TTC evaluation, we propose an initial concept to solve for economic constrained transfer capability problem, which we termed as the ETC problem. Similarly to many other transfer capability techniques, the proposed methodology maximizes real power transfers between the source area and the sink area of interconnected networks. In addition, assuming the market to be SMP-driven whereby market clearance is always based on the most costefficient solution, hence minimizing of the overall generation costs is therefore included as one of the main objectives in the proposed ETC approach.
For the ease of implementation, we assumed that all generators will bid at their marginal costs in a SMP-based pool market structure, which is acceptable in long-term planning studies. In addition, since the authors in [17] demonstrated that solving a multi-area OPF in a coordinated but decentralized fashion produces similar results as a centralized one; therefore for simplicity, we also assumed that the studied system can be centrally dispatched in our mathematical formulation shown below. The two objectives 1 F and 2 F of the proposed ETC technique can then be expressed as follows [1] :
Maximize
(1)
where 1 F or r P represents the total real power transfer between two interconnected areas; k denotes buses not in the receiving area and m denotes buses in the receiving area; R is the set of buses in receiving area; and km P represents the power transfer from bus k to bus m . 9) denotes security or stability constraints necessary for transfer capability evaluation, as the inclusion of system security or stability limits into TTC evaluation is of equally importance as economic considerations.
IV. MULTI-OBJECTIVE OPTIMIZATION
The problem formulation shown in Section III is typically a MOOP problem: with more than one objective to be optimized subjected to a set of constraints. MOOP problems exist in many real world applications including power system applications. It is sometimes also known as the multi-criteria optimization problem or the vector optimization problem. The use of preferences is evident in many MOOP approaches, and they are usually achieved by assigning user-supplied weights. Preference-based methods allow optimization based on the relative importance of each objective defined by the weights [18] , [19] .
In this paper, the traditional weighted sum method is adopted for the MOOP formulation. This preference-based method is probably the most widely-used classical approach to solve MOOP problem. Moreover, it does guarantee solutions on the entire Pareto-optimal set for convex problems [18] .
The weighted sum method scales and normalizes a set of objectives into a single objective by pre-multiplying each objective with a user-supplied weight.
Adapting this approach, 1 F and 2 F which represent the total real power transfer and the market dispatching objective respectively as shown in Section III, are normalized appropriately into the same order of magnitude; thus a composite objection function obj F can be formed by summing the weighted normalized objectives as shown in Eqn. (10). This MOOP problem is then converted to a single-objective optimization problem, which makes it possible to solve using ordinary singleobjective optimization methods. Following this, the ETC formulation can be re-written as follows [18] , [19] : Maximize
is a weighting factor to denote the optimization emphasis on 1 F and 2 F . Note that 2 F is only made negative here to illustrate it as a minimization problem for SMP-based market least-cost dispatching. From Eqn. (10), when 0 = w , the proposed ETC approach becomes the conventional OPF-based TTC evaluation to maximize 1 F ; and likewise when 1 = w , ETC formulation becomes the traditional economic dispatch problem with the market dispatching objective set to minimize generation costs 2 F , assuming SMP auction model is adopted in market settlement. It should be noted that 1 F and 2 F can be of very different numerical scale, and therefore normalization of these variables are essential for proper comparison.
Maximizing of this composite single-objective obj F in Eqn. (10) is then subjected to a set of equality and inequality constraints as shown in Section III Eqn. (3) (4) (5) (6) (7) (8) (9) . It should be known that a MOOP approach utilized here can reveal relationships between both objectives by using different weights for its solutions. Sequential Quadratic Programming (SQP) is employed here as the optimization technique utilized in the OPF algorithm. Advantages of SQP are that it can handle large numbers of variables and constraints, and also proven to be highly-effectively in solving non-linear problems [20] .
V. CASE STUDIES
The proposed ETC technique is being demonstrated on several case studies, exposing the significant impact of market dispatching objective on TTC values.
A. Small system -3-machine 9-bus
A 3-machine 9-bus test system from [21] , is divided into two areas, consisting of two tielines (line 5-6 and 4-9) as shown in Fig. 1 . For simplicity we assumed that generators will bid at their marginal costs, so the proposed MOOP approach is then used to solve the ETC problem.
By having different weighting factors in the ETC evaluation, the technique is capable of illustrating the different impacts caused by market dispatching on TTC values. In this paper, the values of w used in simulation range from 0 to 1. ; whereby the ETC formulation is basically a conventional OPF-based TTC technique emphasized solely on maximizing real power transfers between the interconnected areas. The ETC approach does not take into account of the market dispatching objective, and thus resulting in higher generation costs. This is an optimistic operating condition as the system might experience certain security issues, thus dispatching of such a high power transfer level is usually undesirable; and moreover planning for such a transmission capacity for interconnectors is obviously infeasible as huge capital investments are involved. ($/hr) F1 F2 Fig. 2. Plot of (F 1 , F 2 ) for Area 1 to 2 transfers (9-bus) Both the power transfers and dispatching costs are decreasing notably with increasing w . This is not irrational as transfer capability and market dispatching affect each other directly and significantly. When 1 = w , the proposed ETC formulation simplifies into a traditional economic dispatch problem whereby the marketing dispatching objective is set to minimize generation costs, assuming SMP auction market settlement. Overall generation cost is now at its minimum which compromises power transfers. However, one must understand that operating the system at the least-cost solution might not always be the best case, as the ISOs should consider relevant security and reliability issues between interconnected systems.
For the case where The proposed MOOP technique attempts to find a perfect balance between power transfer and the market dispatching cost, hence able to get the best out of both objectives. From our results, ISOs and system planners can have a better understanding of the ( ) 2 1 , F F relationship; hence by having their priorities right, operation and planning procedures can be carried out in a more efficiently and reliably manner.
2) Case study 2 -Area 2 to 1 transfers
Results from Area 2 to 1 transfer, as shown in Table II and Fig. 3 , display equivalent characteristics. However, there is a slight difference between Fig. 2 and Fig. 3 for the interval of 5 . 0 0 ≤ ≤ w . Within this interval, it should be observed that in Fig. 2 , power transfers 1 F are more constrained by the market dispatching objective 2 F ; whereas in Fig. 3 , the decreasing 2 F has a slower and mild effect on 1 F for that interval. This is most likely caused by the different electricity prices of the two areas in the 9-bus network. Electricity prices in Area 1 happen to be more expensive than those in Area 2, and this seems to be the main rationale behind it. As w increases from 0 to 0.5, meaning an increasing emphasis on 2 F , the proposed technique will attempt to lower the market dispatching objective 2 F . This in turn leads to a larger decrease in the power export from Area 1 since electricity prices are high, thus causing a sharper decrease in Area 1 to 2 transfers rather than in Area 2 to 1 transfers; as Area 2 continues to export power due to its cheaper electricity prices ( Fig. 2 and Fig. 3) .
Given the physical topologies of networks, system load levels and distribution, and electricity prices of individual area in the studied system, transfer capabilities can exhibit a disproportional relationship with the market dispatching objective as presented.
It is important for ISOs to define an appropriate weighting factor w that relates to the relative importance of each objective 1 F and 2 F in the optimization process. There is no standardized value used for w , as defining this weighting factor is strictly dependable on preferences of ISOs and also on different factors. For example, factors such as local generation prices and inter-area generation prices; and system reliability should be considered by ISOs before any generation dispatching. By using our concept, ISOs will be able to investigate the non-linear ( ) 2 1 , F F relationship, before choosing a suitable weighting factor prior to efficient and reliable dispatching.
For example, if an ISO wants to have an increased power transfer, a larger weighting factor w for 1 F can be chosen which will results in higher 2 F , but higher power transfer level which is desired in this case.
From the results in both case studies 1 and 2, the proposed OPF-based ETC technique reveals the non-linearity in the relationships between 1 F and 2 F as shown in Fig. 2 and 3 . The non-linear characteristic of these curves introduces uncertainties in the trade-off between power transfer levels and the SMP-driven market dispatching objective in the present decentralized market. Using our results, ISOs will be able to investigate and of course, get the best trade-off between both objectives; furthermore system planners can also plan for a more feasible transmission capacity (depending on priorities) for newly-proposed interconnectors.
B. Larger system -IEEE 30-bus
A larger system is used in later simulation, which is the IEEE 30-bus system [22] , shown in Fig. 4 . It is divided into three areas consisting of two generators in each area. There are a total of seven tielines (line 4-12, 6-10, 9-10, 10-17, 10-20, 23-24, and 27-28) connecting the three areas.
1) Case study 3 -Area 1 to 2 transfers Similar to both case studies of the 9-bus system shown previously, studies are done with varying values of w for the Area 1 to 2 transfers of the 30-bus system. Fig. 5 illustrates a similar relationship between transfers and market dispatching objective as in case studies 1 and 2 ( Fig. 2 and Fig. 3) , though a slight difference is observed. This can be explained as different systems and networks have dissimilar inter-area electricity prices, and also possess individual characteristics in topologies and load distributions etc, have made this ( ) Results of Area 1 to 2 transfers, as shown in Table III and Fig. 5 , illustrates that the power transfers 1 F in this case are not much constrained by the market dispatching objective 2 F especially for the interval of
The main explanation behind this is because the electricity prices in Area 1 are much cheaper than those in Area 2. It would be more sensible for Area 2 to import power from other areas rather than to supply on its own, and therefore power transfers from Area 1 to 2 remain relatively constant during the interval of 8 . 0 0 ≤ ≤ w . In this situation, ISOs can utilized our concept to get the best trade-off between 1 F and 2 F . A good example can be shown from Table III and Fig. 5 , which indicates that it would be more appropriate for ISOs to define 5 . 0 = w rather than 0 = w as both cases have similar power transfers but a significant difference in market dispatching costs.
2) Case study 4 -Area 1 to 3 transfers Fig. 6 and Table IV display results of Area 1 to 3 transfers. In this case, power transfers are much more constrained by the market dispatching costs as compared to those shown in Fig. 5 . The price differences of electricity supply in Area 1 and Area 3 are less significant than those in Area 2. In this scenario, Area 3 does not need to import as much power from Area 1 as compared to Area 2; thus causing power transfers between Area 1 and 3 to be more sensitive to the declining 2 F as compared to Area 1 to 2 transfers. 
3) Case study 5 -Multiple transfers
In this example, we demonstrate that the proposed ETC technique can also be used to study Simultaneous Transfer Capability (STC): Area 1 to Area 2 transfers; Area 1 to Area 3 transfers. Results are presented in Table V and Fig. 7 . As observed, STC is again disproportional to the market dispatching objective.
Having simultaneous power transfers normally degrades the individual specific transfers. In this case, the total power transfers are slightly less constrained by the market dispatching objective as compared to Fig. 6 , because Area 2 continues to import power from other areas due to its high electricity prices; thus power transfers from Area 1 remains rather constant due to its cheapest electricity prices in the entire interconnected network.
Ability of this ETC technique to assess STC is essential, as simultaneous power transfers between interconnected regional networks exists in the actual market scenario. 
C. Case summary
By comparing results from the 9-bus system and the IEEE 30-bus system, it is observed that the ( ) 2 1 , F F relationships of the two systems differ noticeably. This is mainly due to the fact that the larger system exhibits greater non-linear characteristics than the smaller one. Larger systems usually comprise of much more complicated network topologies, load and generation distribution.
Another reason is that the IEEE 30-bus system has more significant differences in electricity prices in its 3 areas than those in the 9-bus system. It is important to understand by now that market dispatching conditions can be very dissimilar throughout the trading period, and most importantly it can have very significant impacts on TTC values especially on the large-scale practical systems.
The proposed technique uncovers essential information needed by ISOs and system planners, which aids the understanding of the trade-off between power transfers and SMP-based marketing dispatching objective in different systems and under different operating conditions. In this approach of evaluating TTC, the values are far more realistic than those determined by other present TTC techniques, as all of them neglected marketing dispatching conditions in today's decentralized electricity market. Thus system planners are able to plan for a more feasible transmission capacity for new interconnections planning studies.
Without this concept, one cannot easily visualize the interesting ( ) 2 1 , F F relationships involved in the process of TTC determination, which may hinder system operation and planning procedures.
VI. CONCLUSIONS
A framework of a practical market assessment TTC tool is presented in this paper which can help system operators and planners in the restructured electricity markets today, to properly assess TTC or even STC between interconnected regional markets with the influence of electricity prices. It modeled the present market scenario where it is competitive and cost-oriented in a bid to maximize overall social benefits and welfare.
A MOOP technique is required and utilized to analyze the non-linear relationship between real power transfers and the market dispatching objective based on SMP auction pool markets. This information is essential to system operators, which allows them to visualize the actual market scenario, while considering generation dispatch solutions during pool market settlements.
One should note that our results are as equally important for system planners, whereby they can choose feasible transmission capacity for new interconnection proposals. However, there are some limitations in our initial concept to solve for economic-constrained transfer capability problem (ETC). In this paper, firstly, we employed the classical weighted sum method for the MOOP problem due to simplicity. Future work in this area is to utilize a different MOOP approach that guarantees Pareto-optimal solutions.
Moreover, we assumed that all system generators will bid at their marginal costs in a SMP-based market structure for long-term planning studies; and that the studied system is coordinated which can be centrally dispatched. Lastly, future inclusion of power system security and stability limits will be necessary.
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